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Pulsed  plasma  polymerization  is  adopted  to  synthesize  alkaline  anion-exchange  membranes  (AAEMs) 
with  high  contents  of  functional  groups.  The  attenuated  total  reflection  Fourier  transform  infrared 
spectroscopy,  X-ray  photoelectron  spectroscopy  and  thermo  gravimetric  analysis  demonstrate  that  the 
benzyltrimethylammonium  cationic  groups  can  be  successfully  introduced  into  the  polymer  matrix. 
The  content  of  the  quaternary  nitrogen  in  pulsed  plasma-polymerized  membrane  is  up  to  1.93  atom%. 
The  ultra-flat  and  undamaged  morphology  structure  of  the  AAEMs  indicates  a  low  plasma  ablation 
effect  in  the  pulsed  plasma  polymerization.  The  excellent  properties  of  the  pulsed  plasma-polymerized 
AAEMs,  including  good  adhesion  to  the  substrate,  acceptable  chemical  stability  and  thermal  stability, 
high  ion-exchange  capacity  (1.42  mmol g_1)  and  water  uptake  (59.73  wt%),  interesting  ionic  conductiv¬ 
ity  (0.0205  S  cm-1  in  deionized  water  at  20  °C)  and  ethanol  permeability  (3.37  x  10-11  m2  s_1 ),  suggest  a 
great  potential  for  application  in  direct  alcohol  fuel  cells. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  recent  years,  interest  has  grown  in  the  development  of  alka¬ 
line  direct  alcohol  fuel  cells  (ADAFCs)  for  stationary  and  mobile 
applications  due  to  the  highly  efficient  electric  power  generation, 
the  low  overpotentials  and  the  potential  to  forego  noble  metal  cat¬ 
alysts  [1-5],  Alkaline  anion-exchange  membranes  (AAEMs),  which 
serve  dual  functions  of  hydroxide  ion  conducting  and  fuels  sepa¬ 
rating,  can  seriously  affect  the  performance  of  ADAFCs.  The  need 
for  AAEMs  with  the  necessary  conductivity,  alcohol  permeabil¬ 
ity,  thermal  stability  and  chemical  stability  is  a  key  challenge  in 
the  development  of  ADAFCs.  Although,  previous  studies  have  suc¬ 
cessfully  fabricated  AAEMs  with  high  conductivity  and  excellent 
stability,  it  is  difficult  to  synthesize  AAEMs  with  several  microme¬ 
ters  thickness  due  to  the  restriction  of  the  traditional  film-casting 
method  [6-10],  Considering  the  mobility  of  hydroxide  ions  is 
inherently  slower  than  that  of  proton  in  dilute  solution,  the  prop¬ 
erty  of  AAEMs  with  ultra-thin  structure  is  also  promising  [11], 
Herein,  plasma  polymerization  was  adopted  to  prepare  AAEMs. 
The  scheme  of  fabricating  AAEM  and  novel  membrane  electrode 
assembly  (MEA)  for  application  in  the  ADAFC  using  plasma  poly- 
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merization  technique  is  shown  in  Fig.  1.  Plasma  polymerization 
technique  is  promising  to  prepare  ion-exchange  membranes  with  a 
few  microns  thickness,  highly  cross-linked  backbone  structure,  and 
good  adhesion  to  the  substrate.  The  highly  cross-linked  structure 
can  improve  the  membrane  chemical  and  mechanical  properties. 
The  strong  adhesion  to  the  electrode  by  directly  depositing  mem¬ 
brane  onto  catalyst  layer  will  decrease  the  interfacial  resistance 
between  membrane  and  electrode,  further  improving  the  perfor¬ 
mance  of  ADAFCs. 

Vinylbenzyl  chloride  (VBC)  is  an  excellent  monomer  for  syn¬ 
thesis  of  AAEMs  for  having  two  functional  groups:  vinyl  group 
for  polymerization  reaction  and  benzyl  chloride  group  for  quat- 
ernization.  There  are  mainly  two  steps  in  fabrication  of  plasma 
polymerized  alkaline  anion-exchange  membrane  using  VBC  as 
monomer:  (1)  plasma  polymerization  of  VBC  monomer  into 
poly( vinylbenzyl  chloride);  (2)  quatemization  of  benzyl  chloride 
groups  into  -N+(CH3  ^OH-  groups.  Because  of  the  low  bond  disso¬ 
ciation  energy  of  the  C-Cl  bond  in  benzyl  chloride  groups,  it  is  very 
hard  to  synthesize  plasma-polymerized  membrane  with  high  con¬ 
tents  of  benzyl  chloride  groups.  The  after-glow  discharge  plasma 
polymerization  ( AGD-PP)  system  allows  lower  destruction  of  mem¬ 
branes  by  plasma  ablation  effect,  and  higher  preservation  of  the 
membranes  structure.  However,  in  our  previous  studies,  the  plasma 
ablation  is  obvious  even  in  AGD-PP  system  [12],  It  is  believed  that 
a  variety  of  reactive  species  (e.g.  ion  and  neutral  radicals,  etc.) 
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are  produced  during  the  plasma  on  periods  and  consumed  during 
plasma  off  periods.  To  decrease  the  plasma  ablation  effect,  pulsed 
plasma-polymerization  was  firstly  employed  to  prepare  AAEMs. 

The  object  of  the  present  study  is  to  prepare  and  characterize  the 
novel  pulsed  plasma-polymerized  AAEMs  for  potential  application 
in  ADAFCs. 

2.  Experimental 

2.1.  Materials 

Potassium  hydroxide  (KOH,  AR  grade),  sodium  hydroxide 
(NaOH,  AR  grade),  trimethylamine  (NMe3,  33  wt%),  hydrochloric 
acid  (HC1, 37  wt%)  and  ethanol  (EtOH,  99.7  wt%)  were  obtained  from 
Shanghai  Chemical  Reagent  Store  (China).  Vinylbenzyl  chloride 
(VBC,  95wt%)  was  purcharsed  from  Alfa  Aesar®,  and  used  with¬ 
out  further  purification.  AHA  membrane  (Cl-  form)  received  from 
NEOSEPTA  was  treated  with  2  M  KOH  solution  to  convert  the  Cl- 
form  into  OH-  form,  and  then  stored  in  deionized  water.  Deionized 
water  was  used  in  all  experiments. 

2.2.  Synthesis  of  plasma  polymerized  alkaline  anion-exchange 
membrane 

The  plasma-polymerized  membranes  were  synthesized  in  a 
pulsed  after-glow  discharge  system,  depicted  in  Fig.  2,  consisting  of 
a  stainless  steel  reactor,  a  radio  frequency  (RF)  power  supply  with 
corresponding  power  coupling  system,  a  pulse  modulation,  a  sub¬ 


strate  holder,  (2)  substrate,  (3)  plasma  polymerized  membrane,  (4)  air  distribution 
ring,  (5)  watch  window,  (6)  bias  voltage  power  source,  (7)  Pyrex  glass  tube,  (8)  elec¬ 
trode,  (9)  mathching  network,  (10)  RF  power  supply,  (11)  pulse  modulation,  (12) 
liquid  monomer  in  glass  test  tube,  (13)  water  bath,  (14)  heating  wires,  (15)  argon 
liquid  gas  to  pump,  (16)  hydrogen  liquid  gas,  (17)  gas  mass  flowmeter  and  (18) 


strate  bias  voltage  supply,  a  monomer  heater  with  a  temperature 
control  system,  gas  mass  flow  controllers  with  flow  indicators,  vac¬ 
uum  system  (a  mechanical  booster  pump,  a  rotary  pump  and  liquid 
nitrogen  trap)  with  vacuum  gauge.  The  reactor  was  in  a  after-glow 
discharge  configuration,  meaning  that  the  glow  discharge  was  pro¬ 
duced  in  the  upper  part  of  the  reactor  (in  a  Pyrex  glass  tube)  and  the 
plasma  polymerization  was  performed  in  the  lower  part  of  it  ( stain¬ 
less  steel  chamber).  The  plasma  discharge  was  sustained  by  a  pulsed 
mode  RF  power  supply  between  two  external  electrodes  (5  cm  gap) 
in  the  Pyrex  glass  tube  using  Ar  (supplied  by  air  liquid)  as  working 
gas.  4-Vinylbenzyl  chloride  monomer  carried  by  H2  (supplied  by 
air  liquid),  was  introduced  into  the  polymerization  region  through 
an  air  distribution  ring.  The  flow  rates  of  Ar,  VBC  monomer  and  H2 
were  controlled  by  gas  mass  flow  controllers.  In  order  to  avoid  the 
condensation  and  polymerization  of  monomer  on  the  inner  walls  of 
the  gas  lines,  heating  wires  were  wrapped  around  them,  as  shown 
in  Fig.  2.  The  liquid  nitrogen  trap  was  placed  in  front  of  the  pumps 
to  avoid  erosion  of  the  vacuum  pumps  by  untreated  monomer  and 
byproducts  of  the  plasma  polymerization.  The  constant  parame¬ 
ters  in  this  experiment  were  10%  for  the  plasma  duty  cycle,  30  W 
for  the  discharge  power,  60  Pa  for  the  reactor  total  pressure  (10  Pa 
for  partial  pressure  of  argon)  and  -10  V  for  the  bias  voltage  to  the 
substrate.  There  are  different  substrates  used  to  support  plasma- 
polymerized  membrane:  silicon  wafers  [p-doped  Si(l  00)]  for  SEM 
observations  and  thermogravimetric  analyses,  stainless  steel  plates 
for  chemical  structural  characterizations  and  polytetrafluoroethy- 
lene  (PTFE)  porous  substrates  for  ionic  conductivity  and  ethanol 
permeability  measurements. 

To  quaternize  of  benzyl  chloride  groups  into  -N+(CH3)3OH- 
groups,  the  plasma-polymerized  vinylbenzyl  chloride  (PVBC) 
membranes  were  submerged  in  33  wt  %  trimethylamine  (TMA) 
aqueous  solution  for  at  least  48  h  at  room  temperature.  After  soak¬ 
ing,  the  membranes  (Cl-  form)  were  washed  with  deionized  water 
to  remove  excess  TMA  solution.  The  treated  membranes  were 
immersed  in  2  mol  L-1  potassium  hydroxide  aqueous  solution  at 
room  temperature  for  48  h  to  convert  the  -N+(CH3  )3  Cl-  groups  into 
-N+(CH3)3OH-  groups.  Then,  the  quatemized  poly( vinylbenzyl 
chloride)  membranes  (QPVBC)  were  washed  by  deionized  water 
to  remove  any  trapped  potassium  hydroxide  and  finally  immersed 
in  deionized  water  >48  h  with  frequent  water  changes. 

2.3.  Characterization  of  membranes 

The  morphology  and  microstructure  of  the  plasma  polymer¬ 
ized  AAEM  were  observed  by  scanning  electron  microscope  (SEM) 
(Sirion  200,  FEI,  USA)  at  operation  voltage  of  5.0  kV.  In  order 
to  expose  the  cross-section,  the  QPVBC  membrane  with  silicon 
substrate  was  frozen  in  liquid  nitrogen  and  broken.  Before  observa¬ 
tion,  the  membrane  samples  were  sputtered  with  gold  for  several 
seconds  since  the  plasma-polymerized  membranes  were  noncon- 
ductive. 
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The  chemical  structure  and  composition  of  the  PVBC  and  QPVBC 
membranes  were  analyzed  by  attenuated  total  reflection  Fourier 
transform  infrared  spectroscopy  (ATR-FTIR)  and  X-ray  photoelec¬ 
tron  spectroscopy  (XPS).  All  the  samples  were  dried  in  a  vacuum 
oven  at  60  °C  for  12h.  The  ATR-FTIR  spectra  of  dried  PVBC  and 
QPVBC  membranes  were  recorded  using  Nicolet  NEXUS  870  spec¬ 
trometer  (Thermo  Electron  Corporation,  USA)  in  the  range  of 
4000-670  cm-1.  The  spectra  were  obtained  after  256  scans  at 
2  cm-1  resolution  with  subtracting  the  contributions  from  CO2 
and  H2O  (gas).  The  XPS  analysis  was  carried  out  using  a  Thermo 
ESCALAB  250  spectroscopy  (Thermo  Electron  Corporation,  USA)  at  a 
power  of  1 50  W  with  a  monochromatic  Al  Ka  radiation  at  1 486.6  eV. 
The  photoelectrons  were  detected  with  a  hemispherical  analyzer 
positioned  at  an  angle  of  90°  with  respect  to  the  sample  plane. 
XPS  of  PVBC  and  QPVBC  membranes  were  recorded  at  pass  ener¬ 
gies  of  70  eV  for  survey  spectra  and  20  eV  for  core  level  spectra. 
An  additional  electron  gun  was  used  to  allow  for  surface  neutral¬ 
ization  during  the  measurements  since  the  plasma  polymerized 
membranes  were  nonconductive.  The  energy  resolution  was  about 
0.6  eV.  The  spectrometer  energy  scale  calibration  was  checked  by 
setting  Ag  3d5/2  =  368.26  eV  and  the  spectra  were  calibrated  with 
respect  to  the  C  Is  peak  at  284.6 eV.  The  curves  were  fitted  with 
symmetrical  Lorentz-Gauss  functions. 

Thermal  degradation  and  stability  of  the  membranes  were 
investigated  using  a  thermogravimetric  analyzer  (TGA)  (DTG-60H, 
SHIMADZU,  Japan).  12-16  mg  dried  membrane  sample,  placed  in  a 
Pt  crucible,  was  heated  from  ambient  temperature  to  800  °C  under 
flowing  nitrogen  at  the  scanning  rate  of  10°Cmin-1. 

2.4.  Ion-exchange  capacity  and  water  uptake  measurements 

In  order  to  evaluate  the  capability  of  hydroxyl  ion  transport, 
the  ion-exchange  capacities  (IECs)  of  PVBC  and  QPVBC  membranes 
were  measured  by  classical  back  titration  method  [13].  For  IECs 
measurement,  dry  OH-  form  samples  were  accurately  weighed. 
Three  pieces  of  dried  membrane  samples  prepared  in  the  same  time 
were  accurately  weighed  and  then  respectively  equilibrated  with 
25  ml  0.005  mol  L-1  HC1  solution  for  48  h  and  then  back  titrated 
by  0.005  mol  L-1  NaOFI  solution.  IEC  values  of  the  samples  were 
calculated  as  the  following  relation 

IEC  (mmol  g-1)  =  ni’HC1  ~  n2,HC1  (1) 

mdry 

where  mdry  is  the  mass  (g)  of  the  dried  sample,  n1HC1  and  n2  Hci  are 
the  amount  (mmol)  of  hydrochloric  acid  required  before  and  after 
equilibrium,  respectively.  The  average  value  of  the  three  samples 
calculated  from  Eq.  ( 1 )  is  the  IEC  value  of  the  measured  membrane. 

The  water  uptake  of  the  PVBC  and  QPVBC  membranes  were  car¬ 
ried  out  by  measuring  the  change  of  weight  between  the  membrane 
before  and  after  immersion  in  deionized  water.  Firstly,  the  mem¬ 
brane  was  soaked  in  deionized  water  at  room  temperature  and 
equilibrated  for  more  than  48  h.  The  weight  of  the  wet  membrane 
was  recorded  as  a  benchmark  by  measuring  after  removing  excess 
surface  water.  The  wet  membrane  was  then  dried  under  vacuum  at 
60  °C  until  a  constant  weight  was  obtained.  The  water  uptake  could 
be  calculated  using  Eq.  (2) 

Water  uptake  %  =  rrivvet — miry  x  100%  (2) 

mdry 

where  mwet  is  the  mass  (g)  of  a  wet  membrane  and  mdry  is  the  mass 
of  a  dry  membrane. 

2.5.  Ionic  conductivity  measurements 

The  hydroxide  ionic  conductivity  of  the  obtained  mem¬ 
branes  was  measured  by  three-electrode  AC  impedance  spec¬ 


troscopy  using  an  Autolab  potentiostat/galvanostat  (IM6e,  Zahner, 
Germany)  over  a  frequency  ranging  from  0.1  Hz  to  1  MHz  with 
oscillating  voltage  of  10  mV.  Before  conductivity  measurements, 
the  OH-  form  of  plasma  polymerized  membrane  (QPVBC)  samples 
(2.0  cm  x  4.0  cm)  and  commercial  AAEM  (AHA,  2.0  cm  x  4.0  cm) 
were  fully  hydrated  in  deionized  water  for  at  least  48  h  until  neutral 
pH  was  obtained.  After  removing  the  surface  water,  the  hydrated 
membrane  was  then  rapidly  placed  between  two  polytetrafluo- 
roethylene  (PTFE)  plates,  with  the  QPVBC  membrane  side  contacted 
with  three  parallel  platinum  wires.  The  reference  electrode  (RE) 
was  connected  to  the  inner  platinum  wire,  and  the  counter  elec¬ 
trode  (CE)  and  working  electrode  (WE)  were  connected  to  the  outer 
two  platinum  wires,  respectively.  The  testing  cell  was  placed  in  a 
chamber  with  deionized  water  to  keep  the  water  content  of  the 
membrane  constant  during  the  measurements.  The  hydroxide  ion 
conductivity  a0H-  could  be  calculated  by 


(3) 


where  A  was  the  cross-sectional  area  (cm2)  of  the  membrane,  /  was 
the  distance  (cm)  between  the  working  electrode  and  reference 
electrode,  Rm  was  the  membrane  resistance  (£2)  obtained  from  the 
AC  impedance  data. 


2.6.  Ethanol  permeability  measurements 

The  ethanol  permeability  was  measured  by  an  open  circuit 
potential  method  as  reported  in  Refs.  [14-17],  using  an  Autolab 
potentiostat/galvanostat  (IM6e,  Zahner,  Germany)  at  the  tempera¬ 
ture  of  20  °C.  Before  testing,  the  OH-  form  of  plasma  polymerized 
membrane  QPVBC  samples  (3.0  cm  x  3.0  cm)  and  AHA  membrane 
(3.0  cm  x  3.0  cm)  were  hydrated  in  deionized  water  for  at  least  48  h 
until  neutral  pH  was  obtained.  The  membrane  sample  was  then 
clamped  between  two  compartments  of  a  diffusion  cell  by  means 
of  an  O-ring  seal  with  the  membrane  cross-sectional  area  of  2.0  cm2 
exposed  to  the  solution.  Teflon  coated  magnetic  paddles  were  used 
in  each  compartment  to  ensure  uniform  mixing  during  the  experi¬ 
ments.  The  compartment  A  as  the  donor  compartment  was  loaded 
with  1  M  KOH  and  1  M  EtOH  solution.  An  equal  volume  of  1  M  KOH 
solution  was  present  in  the  compartment  B  (receptor  compart¬ 
ment).  In  the  compartment  B,  a  Pt/C  gas  diffusion  electrode  (GDE) 
with  flowing  pure  O2,  prepared  by  pasting  Pt/C  (40  wt%,  Johnson 
Matthey)  catalyst  on  carbon  paper  (Pt  loading  of  0.5  mg  cm-2),  was 
used  as  WE  [18],  A  Pt  foil  was  used  as  CE  and  a  Hg/Hg2Cl2,  KC1 
(saturated)  electrode  was  used  as  RE.  The  ethanol  permeability  of 
the  membrane  can  be  estimated  from  the  relationship  between  the 
concentration  of  ethanol  in  compartment  B  (CEtoH,B  in  mol  L-1 )  and 
the  permeation  time  (t  in  s). 

<-*» 

where  P,  D,  Lm  and  S  are  the  ethanol  permeability  (m2  s-1),  diffu¬ 
sion  coefficient  (m2  s-1 ),  membrane  thickness  (m)  and  membrane 
active  area  (m2)  of  measured  membrane,  respectively.  VB  and 
CEtOH,A  are  the  volume  of  compartment  B  (m3)  and  concentration 
of  ethanol  in  compartment  A  (mol  L-1 ),  respectively. 

The  ethanol  concentration  of  compartment  B  can  be  estimated 
by  the  GDE  potential  drop  from  the  calibration  curve  of  potential 
shift  against  ethanol  concentration.  The  method  to  establish  the 
calibration  curve  of  potential  shift  against  ethanol  concentration 
was  described  in  our  previous  report,  with  substituting  1 M  KOH 
solution  for  0.5  M  H2SO4  solution  [14], 
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3.  Results  and  discussion 

3.  1.  Chemical  structure  characterization 

The  ATR-FT1R  spectra  of  PVBC  and  QPVBC  membranes  deposited 
on  stainless  steel  substrates  at  the  duty  cycle  of  10%,  discharge 
power  of  30  W,  total  pressure  of  60  Pa  and  bias  voltage  of  -10  V 
were  shown  in  Fig.  3.  The  ATR-FTIR  spectra  for  both  PVBC  and 
QPVBC  membrane  were  similar.  The  peaks  appearing  at  826  cm-1 
and  3020  cm-1  are  associated  with  the  C-H  deformation  for  para- 
substituted  aromatics  and  aromatic  C-H  stretches,  respectively, 
suggesting  the  existence  of  the  benzene  ring  structure  in  PVBC 
and  QPVBC  membranes  [19,20],  The  absorption  at  1265  cm-1  and 
844cm-1  attributed  to  CH2-CI  wag  of  benzyl  chloride  groups 
and  C-Cl  stretching  vibrations,  respectively,  indicate  the  preser¬ 
vation  of  the  benzyl  chloride  groups  in  pulsed  after-glow  discharge 
system  [21,22],  The  bands  at  1030cm-1,  1560cm-1,  1648cm-1 
and  3440  cm-1  of  QPVBC  membrane,  not  present  in  the  spec¬ 
tra  of  the  PVBC  membrane,  were  assigned  to  hydroxyl  group, 
C-N  bonds,  amide  I  band  and  OH  stretching,  respectively,  indicat¬ 
ing  the  successful  quaternization  of  benzyl  chloride  groups  into 
-N+(CH3)3OH-  groups  [23-25], 

XPS  analysis  was  performed  to  determine  the  chemical  struc¬ 
ture  of  the  obtained  membrane.  The  XPS  results  of  PVBC  and  QPVBC 
membranes  with  the  contents  of  carbon,  oxygen,  chlorine  and 
nitrogen  expressed  as  atom  %,  were  shown  in  Table  1.  For  PVBC 
membrane  before  quaternization,  the  nitrogen  and  oxygen  atoms 
come  from  air  contamination  during  and  after  plasma  polymer¬ 
ization  process.  As  shown  in  Table  1,  the  contents  of  oxygen  and 
nitrogen  increase  after  the  quaternization  processes,  while  the 
content  of  chlorine  decreases,  indicating  the  conversion  of  ben¬ 
zyl  chloride  groups  into  -N+(CH3)3OH-  groups.  To  acquire  more 
information  on  the  chemical  structure  characteristics  of  obtained 
membranes,  XPS  core  level  spectra  of  PVBC  and  QPVBC  mem¬ 
branes  were  conducted.  As  regards  the  C  Is  peak  decomposition, 
shown  in  Fig.  4(a)  and  (b),  four  main  components  are  detected 

Table  1 

XPS  elemental  analysis  of  plasma-polymerized  PVBC  and  QPVBC  membranes 
deposited  at  plasma  cycle  duty  of  10%,  total  pressure  of  60  Pa,  discharge  power  of 
30  W,  and  bias  voltage  of -10  V. 

Membrane  C(atom%)  0(atom%)  Cl  (atom  %)  N(atom%)  N+(atom%) 

PVBC  84.98  10.18  3.89  0.96  0 

QPVBC  76.30  17.72  0.74  4.79  1.93 


in  these  spectra  [26-29],  which  appear  at  284.3  eV  related  to  the 
sp2  carbon  atoms  (C=C),  284.8  eV  corresponded  to  the  sp3  carbon 
atoms  (C-C  and  C-H),  286.1  eV  attributed  to  sp3  carbon  bonded  to 
one  oxygen  atom  (C-O),  chlorine  atom  (C-Cl)  and  nitrogen  atom 
(C-N),  and  287.2  eV  assigned  to  the  oxygenated  groups  (carbonyl). 
The  increase  in  the  C-N,  C-0  and  C-Cl  fraction  in  absorption  at 

286.1  eV  and  decrease  in  the  content  of  chlorine  of  QPVBC  mem¬ 
brane  suggests  the  quaternization  of  PVBC  membrane.  In  order 
to  characterize  the  changes  in  the  contents  of  benzyl  chloride 
groups,  the  Cl  2p  core-level  spectra  of  the  samples  were  curve- 
fitted  with  two  spin-orbit-split  doublets,  shown  in  Fig.  4(c)  and 
(d),  with  the  binding  energy  for  Cl  2p3/2  peak  components  located 
at  1 99.9  ±  0.2  eV  attributable  to  the  covalently  bonded  chlorine 
species  in  benzyl  chloride  groups,  and  1 97.2  ±  0.2  eV  related  to 
the  ionic  chloride  (Cl-)  [26,30,31].  The  high  content  of  covalently 
bonded  chlorine  species  in  PVBC  membrane  confirms  that  our 
choice  of  pulsed  plasma  polymerization  can  highly  preserve  the 
functional  groups  in  polymerization  progress.  The  decrease  of  the 
covalently  bonded  chlorine  species  contents  verily  the  success¬ 
ful  quaternization  of  benzyl  chloride  groups  into  -N+(CH3)3OH- 
groups.  However,  the  residual  benzyl  chloride  groups  and  ionic 
chloride  in  QPVBC  membrane,  according  to  Fig.  4(d),  indicates  the 
incomplete  quaternization.  This  difficulty  for  complete  quaterniza¬ 
tion  may  be  due  to  the  high  corss-linked  C-C  backbone  and  dense 
structure  of  the  plasma-polymerized  membrane.  The  existence  of 
quaternary  nitrogen  groups  can  be  further  demonstrated  by  the 
decomposition  of  N  Is  spectrum,  shown  in  Fig.  4(f).  The  results 
of  N  Is  spectra  analyses  are  in  good  agreement  with  what  shown 
by  Cl  2p  spectra.  The  peaks  of  N  Is  spectrum  at  401.7 eV  and 

399.2  eV  for  QPVBC  membrane  were  attributed  to  the  quaternary 
or  protonated  nitrogen  (N+)  and  C-N  bonds,  respectively,  confirm¬ 
ing  that  plasma  polymerization  and  quaternization  could  produce 
the  expected  anion-exchange  groups  in  AAEM  [32-35],  Quantita¬ 
tively  analysis  of  the  N  1  s  spectrum  of  QPVBC  membrane,  shown 
in  Table  1  and  Fig.  4(f),  reveals  that  the  percentage  of  quaternary 
nitrogen  with  respect  to  the  total  atom  quantity  is  1 .93%  for  plasma- 
polymerized  alkaline  anion-exchange  membrane,  which  is  higher 
than  that  of  sulfonic  acid  groups  for  Nafion  117  membrane,  shown 
as  1 .23%  in  Ref.  [14],  The  high  percentage  of  quaternary  ammonium 
functional  groups,  attributed  to  the  high  preservation  of  benzyl 
chloride  groups  in  plasma  polymerization,  indicates  high  ion  con¬ 
ductivity  of  the  pulsed  plasma-polymerized  AAEM  and,  as  a  result, 
a  good  performance  in  ADAFCs  application.  The  high  content  of 
C-N  bond  in  QPVBC  membrane  due  to  the  trapped  TMA  indicates 
the  high  corss-linked  C-C  backbond  and  dense  structure  of  the 
plasma-polymerized  membrane. 

3.2.  Morphology  of  plasma  polymerized  AAEM 

The  surface  and  cross-section  morphology  of  pulsed  plasma 
polymerized  QPVBC  membrane  deposited  on  silicon  wafer  can  be 
recorded  by  SEM  images,  shown  in  Fig.  5.  The  QPVBC  membrane 
is  ultra-flat,  ultra-thin,  dense  and  free  from  defects  with  a  uni¬ 
form  structure  at  the  level  of  the  SEM  observation.  The  ultra-flat 
and  undamaged  morphology  structure  reflects  the  gentler  deposi¬ 
tion  conditions  involved  and,  in  particular,  absence  of  high-energy 
molecule-surface  impact  collisions  thus  suggesting  a  low  plasma 
ablation  effect  in  the  pulsed  plasma  polymerization.  This  observa¬ 
tion  is  crucial  because  the  surface  morphology  structure  of  AAEM 
can  directly  influence  the  contact  between  two  membranes,  the 
interfacial  resistance  between  two  half-cells,  and  as  a  result,  the 
performance  of  the  fuel  cell.  The  thickness  of  the  QPVBC  mem¬ 
brane  is  only  1.36  pan.  From  the  cross-sectional  view  in  Fig.  5,  after 
immersion  in  33  wt%  TMA  solution,  2  M  KOH  solution  and  deion¬ 
ized  water  for  several  days,  plasma-polymerized  AAEM  did  not 
peel  off  from  the  substrate,  indicating  a  strong  adhesion  of  mem- 
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Fig.  4.  XPS  C  Is,  Cl  2p  and  N  Is  spectra  for  PVBC  membrane  (a,  c  and  e)  and  QPVBC  i 


■(b.dandf). 


brane  to  the  substrate.  This  is  significant  for  preparing  membrane 
electrode  assembly  (MEA)  with  low  interfacial  resistance  between 
membrane  and  electrodes.  Good  chemical  stability  of  an  AAEM 
based  on  quaternary  ammonium  groups  is  also  desired.  The  SEM 
image  displays  the  undamaged  membrane  structure  in  2  M  KOH 
solution  for  several  days,  indicating  the  high  chemical  stability  of 
the  obtained  membrane  [6], 

3.3.  Thermal  stability 

The  thermal  stability  of  PVBC  and  QPVBC  membranes  was  inves¬ 
tigated  by  TGA  in  flowing  nitrogen  from  ambient  temperature  to 
800  °C.  In  TGA  trace,  as  shown  in  Fig.  6,  the  PVBC  membrane  is 
degraded  mainly  in  the  range  of  270-500  °C,  indicating  the  good 


thermal  stability  of  PVBC  membrane  matrix  due  to  the  highly 
cross-linked  structure  [36],  The  QPVBC  membrane  is  stable  below 
Exhibits  120  °C.  The  degradation  in  the  range  of  120-270  °C  is  cor¬ 
responding  to  the  loss  of  the  benzyltrimethylammonium  groups, 
suggesting  a  great  stability  of  the  resulting  membrane  below 
120  °C.  The  second  weight  loss  region  of  QPVBC  membrane  at  tem¬ 
perature  range  of  270-460 °C  ascribed  to  the  degradation  of  the 
membrane  main  chain  [37],  The  thermal  stability  of  the  plasma 
polymerized  AAEM  was  acceptable  [6], 

3.4.  IEC  and  water  uptake 

IEC  and  water  uptake  are  performed  to  determine  the  capa¬ 
bility  of  hydroxide  ion  transport,  and  of  course,  to  evaluate  the 
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Fig.  5.  SEM  image  of  the  QPVBC  membranes  on  silica  wafer  [p-doped  Si(l  00)].  The 
inset  is  a  SEM  image  of  the  cross-section  of  it. 
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Fig.  6.  Thermo  gravimetric  analyses  of  PVBC  and  QPVBC  membranes. 

applicability  in  ADAFCs  of  obtained  membranes.  IEC  and  water 
uptake  values  of  the  QPVBC  membranes,  included  in  Table  2,  is 
found  to  be  1.42  mmol  g-1  and  59.73  wt%,  respectively,  which  is 
higher  than  that  of  PVBC  membrane  (0.27  mmol  g_1  and  16.77  wt%, 
respectively),  indicating  the  hydrophilic  functional  groups  fixed  in 
the  polymer  matrix.  The  high  water  uptake  and  IEC  values  of  the 
alkalinized  membrane  could  provide  sufficient  water  molecules  to 
transport  OH-  ions  through  the  membrane,  indicating  excellent 
ionic  conductivity  of  the  QPVBC  membrane. 

3.5.  Ionic  conductivity 

Hydroxide  ion  conductivity  of  the  AAEM  is  a  crucial  criterion  for 
evaluating  its  performance  in  ADAFCs.  Deionized  water  was  used 
during  ionic  conductivity  measurements  in  this  work  to  evaluate 
the  intrinsic  nature  of  the  polymer  electrolyte.  The  ionic  conduc¬ 
tivity  of  the  commercial  AAEM  (AHA  OH-  form)  was  measured 
as  the  reference.  Fig.  7(a)  shows  the  Nyquist  plot  of  (-Z"  vs.  Z! ) 
for  the  QPVBC  membrane,  fitted  by  the  equivalent  circuit.  The 
OH-  ion  conductivity  of  QPVBC  membrane  (tToH-).  according  to 
Eq.  (3),  is  0.0205  S  cm-1  which  is  higher  than  that  of  the  commer- 

Table  2 

IEC  and  water  uptake  of  the  PVBC  and  QPVBC  membranes. 

Membrane  IEC  (mmol  g'1 )  Water  uptake  ( wt%) 

PVBC  0.27  16.77 

QPVBC  1.42  59.73 


3.0  3.1  3.2  3.3  3.4 


1000/T  (K'1) 

Fig.  7.  (a)  Nyquist  plot  for  the  QPVBC  membrane  and  an  equivalent  circuit.  The  dots 
are  the  experimental  results.  The  curves  are  the  fitting  of  the  experimental  data  using 
the  equivalent  circuit,  (b)  Arrhenius  plot  showing  the  temperature  dependence  of 
hydroxide  conductivity  for  the  QPVBC  and  AHA  membranes. 


cial  AHA  membrane  (0.0035  S  cm-1  close  the  value  in  Ref.  [38]). 
The  ionic  conductivity  of  QPVBC  membrane  is  in  the  order  of 
0.01  S  cm-1 ,  indicating  the  satisfactory  for  application  of  the  mem¬ 
brane  in  fuel  cells  [36],  This  observation  can  be  attributed  to:  (1 )  the 
high  content  of  quaternary  ammonium  functional  groups  fixed  in 
the  QPVBC  membrane  matrix  indicating  the  excellent  hydrophilic 
property  and  the  great  potential  for  promoting  conductivity;  (2)  the 
satisfactory  IEC  value  (1.42  mmol  g-1)  suggesting  the  high  activ¬ 
ity  of  the  quaternary  ammonium  functional  groups;  (3)  the  high 
water  uptake  (59.73  wt%)  leading  to  adequate  water  absorption  in 
ion  transport;  and  (4)  the  cross-linked  structure  resulting  in  the 
increase  of  ion  incorporation  [8,39]. 

Fig.  7(b)  shows  the  correlation  between  conductivity  and  tem¬ 
perature  for  QPVBC  and  AHA  membranes.  The  conductivity  of  the 
membranes  increase  with  temperature  and  exhibit  conductivities 
up  to  60  °C  when  immersed  in  deionized  water.  Linear  regression 
of  In  cr0H-  vs.  1 000/r  (T  is  the  absolute  temperature  in  Kelvins)  was 
performed  assuming  an  Arrhenius  relationship.  The  anion  trans¬ 
port  activation  energy  (Ea ),  which  corresponds  to  the  energy  barrier 
for  carrier  transfer  from  one  free  site  to  another,  can  be  obtained 
according  to  the  Arrhenius  equation:. 

Efl(kJ  mol-1 )  =  RT2 


(5) 
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Fig.  8.  (a)  Potential  shift  against  ethanol  concentration.  The  dots  are  the  experimen¬ 
tal  data  and  the  line  is  the  linear  fitting  of  the  experimental  results  using  Eq.  (6).  (b) 
Permeability  data  for  the  QPVBC  and  AHA  membranes  in  the  ethanol  concentration 
in  compartment  A  of  1  mol  L-1  at  20  :C. 

where  R  is  the  pure  gas  constant  (8.314JK-1  mol-1).  The 
activation  energy  value  for  alkalinized  QPVBC  membrane  is 
9.61  kj  mol-1,  which  is  much  lower  than  the  value  of  AHA  mem¬ 
brane  ( 1 7.56  kj  mol-1 ).  The  high  conductivity  and  low  ion  transport 
activation  energy  of  the  QPVBC  membrane  will  facilitate  low  tem¬ 
perature  fuel  cell  operation. 

3.6.  Ethanol  permeability 

Alcohol  permeability  of  polymer  electrolyte  membranes  is 
another  determinant  for  potential  use  in  ADAFCs  due  to  its  influ¬ 
ence  on  the  fuel  cell  power  density,  energy  conversion  efficiency 
and  fuel  utilization.  The  measurements  of  ethanol  permeability 
through  the  QPVBC  and  AHA  membrane,  in  this  study,  were  con¬ 
ducted  by  an  open  circuit  potential  method  [15-17],  In  the  absence 
of  ethanol,  the  potential  of  GDE  in  1  M  KOH  solution  represents  the 
standard  electrode  potential  (E0).  When  adding  the  ethanol  into 
1  M  KOH  solution,  the  potential  of  GDE  drops,  according  to  the 
concentration  of  ethanol,  due  to  the  oxidation  of  ethanol  in  the 
Pt  catalyst  surface.  More  details  about  the  working  principle  of  this 
method  has  been  given  in  a  previous  paper  by  our  group  [14],  The 
relationship  between  variation  of  GDE  potential  ( AE)  and  ethanol 
concentration  (ceioh)  was  shown  in  Eq.  (6). 

(6) 


where  a  is  a  constant.  The  calibration  curve  of  potential  shift 
against  ethanol  concentration  was  shown  in  Fig.  8(a).  Therefore,  the 
ethanol  concentration  in  compartment  B  during  permeation  exper¬ 
iment  can  be  inferred  from  the  variation  of  GDE  potential  using  Eq. 
(6). 

Relationship  between  the  concentration  of  ethanol  in  compart¬ 
ment  B  (CEtoH.B  in  mol  L-1 )  and  permeation  time  (t  in  s)  was  shown 
in  Eq.  (4).  It  is  evident  that  ( VBf-m/CEtoH,AS)CEtoH,B(t)  has  a  linear  cor¬ 
relation  with  the  permeation  time,  shown  in  Fig.  8(b).  The  slope 
and  intercept  of  the  fitting  line  are  ethanol  permeability  (P)  and 
P(Im/6D),  respectively.  The  ethanol  permeability  of  QPVBC  mem¬ 
brane,  based  on  Fig.  8(b),  is  3.37  x  1 0-1 1  m2  s-1 ,  which  is  lower  than 
that  of  AHA  membrane  (4.55  x  10-10  m2  s-1 )  when  the  concentra¬ 
tion  of  ethanol  in  compartment  A  is  1  mol  L-1 .  The  low  ethanol 
permeability  value  suggested  a  good  performance  of  QPVBC  mem¬ 
brane  for  application  in  ADAFCs. 

4.  Conclusion 

The  novel  pulsed  after-glow  discharge  plasma  polymeriza¬ 
tion  was  adopted  to  prepare  AAEMs  in  this  study.  The  TGA, 
ATR-FTIR  and  XPS  analysis  demonstrate  that  the  benzyltrimethy- 
lammonium  cationic  groups  have  been  successfully  introduced 
into  the  polymer  matrix.  The  content  of  the  quaternary  nitrogen 
in  QPVBC  membrane,  based  on  XPS  results,  is  up  to  1.93atom% 
due  to  the  high  preservation  of  functional  groups  in  pulsed 
plasma  polymerization  progress.  TGA  analysis  indicates  that  the 
plasma-polymerized  AAEMs  can  be  stably  used  below  120  °C. 
The  satisfactory  IEC  (1.42  mmol  g-1),  high  percentage  of  ben- 
zyltrimethylammonium  cationic  groups,  excellent  hydroxide  ion 
conductivity  (0.0205  S  cm-1  in  deionized  water  at  20  °C)  and  low 
ethanol  permeability  (3.37  x  10-11  m2  s-1 )  suggest  that  such  kind 
of  plasma-polymerized  AAEMs  have  great  potential  for  applica¬ 
tion  in  alkaline  directly  alcohol  fuel  cells.  Further  researches  on  the 
evaluation  of  this  type  of  membrane  in  the  practical  application  in 
ADAFCs  are  under  investigation. 
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